Optical properties of doped silicon wafers have been measured by means of terahertz time domain reflection spectroscopy. A method is proposed to obtain the relative phase by reflection accurately. By using this method, the relative phase is obtained within an error of less than 10 mrad at 1 THz. The experimentally obtained complex conductivity of relatively high-doped silicon ( ϭ0.136 ⍀ cm) in the terahertz region agrees with the simple Drude model.
The terahertz time domain spectroscopy ͑THz-TDS͒ technique has been reported for the past decade. Since the relative phase in addition to the transmittance or reflectance can be obtained, optical constants in the THz region are deduced without resorting to the Kramers-Kronig transformation. The terahertz time domain transmission spectroscopy ͑THz-TDTS͒ is used usually for optically thin samples, e.g., insulators, lightly or moderately doped semiconductor wafers, and highly doped semiconductors, etc. [1] [2] [3] [4] [5] [6] However, the terahertz time domain reflection spectroscopy ͑THz-TDRS͒ is needed for optically thick samples. In the THz-TDRS measurements, the phase of the reflected wave at the sample surface relative to that at the reference mirror with known complex reflectivity ͑usually a metallic mirror is used͒ should be measured. However, it is noted that the relative position of the sample surface with respect to that of the reference mirror affects strongly the relative phase measured. 7 Jeon and Grischkowsky artificially adjusted the position of the silicon sample relative to the aluminum mirror in the analysis to get the best fit in the simple Drude model. 3 Howell et al. measured the complex reflectance of the InSb wafer at low temperatures by the THz-TDRS. 4 They obtained both reflection and relative phase by regarding the reflection of the sample at a higher temperature as ''perfect reflection.'' However, it is very difficult to remove the uncertainty in the relative phase caused by the change of the pump and trigger beam path due to the long-term measurement. In this letter, the complex conductivity of a relatively highdoped silicon wafer is measured by the THz-TDRS. We propose a method to obtain the relative phase accurately by placing a slab with known optical constants on the sample and measuring the reflectance, which is used to adjust the sample position relative to the reference mirror. By this method, the relative phase can be obtained with an experimental error of less than 10 mrad at 1 THz. Figure 1 shows the schematic configuration of the experimental setup of the THz-TDRS. We adopted the normal reflection configuration for easy adjustment of the system and data analysis. A mode-locked Ti:sapphire laser produced optical pulses with a time width of 50 fs and a wavelength of 800 nm at a repetition rate of 82 MHz. A piece of an InAs ͑111͒ wafer was oriented at 45°to the Ti:sapphire laser beam to generate the THz pulses. Different from the optics adopted in Refs. 3 and 4, the THz beam was collimated by a paraboloidal mirror and focused to about 1 mm in diameter on the sample or aluminum mirror surface for application to small samples. The THz pulses reflected by a wire grid ͑WG1͒ were detected with a photoconductive antenna. The detector was a dipole-type photoconductive antenna fabricated on 2 m thick low-temperature-grown GaAs, in which the photoexcited carrier lifetime was less than 0.5 ps. 8 The THz pulse reflected from the aluminum mirror placed nominally at the same position as the sample was used as a reference. The aluminum mirror works as an almost perfect reflector in the THz region. A 500 m thick silicon wafer doped with phosphorous ͑n type, 0.136 ⍀ cm͒ was used as a sample. The sample is opaque in the THz region.
Since the sample is optically thick, multiple reflection in the sample can be neglected in the analysis. In this case, according to the Fresnel formula, the complex reflectivity r() at an angular frequency is given by
where Ẽ i () and Ẽ r () are complex electric fields of the incident and reflected THz waves, respectively, and ñ ϭn 
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Ϫi is the complex refractive index of the sample. Before analyzing the experimental data, we will discuss first the influence of an error in position of the sample and reference mirror on the complex refractive index. Consider ⌬x as the amount of misalignment of the sample position with respect to that of the reference mirror. Positive ⌬x means that the sample position is shifted in the direction of the incident beam with respect to the reference mirror. In this case, the apparent experimental complex electric field Ẽ r app () is expressed as
where, Ẽ r 0 () is the complex reflected electric field when the sample is correctly placed. We calculate the reflectance and relative phase based on the simple Drude model. The sample is assumed to be a doped silicon wafer, the complex dielectric constant ⑀ ϭ⑀ 1 Ϫi⑀ 2 of which is expressed by
where ⑀ Si ϭ(3.415) 2 is the dielectric constant of nondoped silicon, 9 ⌫ϭ1/ the carrier scattering rate, and p the unscreened plasma angular frequency defined by p 2 ϭN c e 2 /⑀ 0 m*. Here N c is the carrier density, e the electronic charge, ⑀ 0 the permittivity of a vacuum, and m* the effective carrier mass taken as 0.26 m 0 , 10 where m 0 is the free electron mass. The electron mobility and are related by ϭ͉e͉/m*. In this calculation, N c and are taken as 4 ϫ10
16 cm Ϫ3 and 1100 cm 2 /V s, respectively. On the left-hand side of Fig. 2 , the power reflectance and the relative phase for various ⌬x are plotted. Although the reflectance is independent of ⌬x, the apparent relative phase strongly depends on the sample position. Taking these relative phases to be correct, the complex refractive index is calculated by combining Eqs. ͑1͒ and ͑2͒. The results are shown in the righthand side of Fig. 2 . Both n and are influenced by ⌬x, especially, the value of deviates from the correct value in the high frequency region considerably and becomes negative for ⌬xϽ0. This physically unacceptable result stems from the apparent breakdown of the causality by placing the sample toward the THz source with respect to the right position.
In this measurement, at first we measured the THz wave form reflected by the aluminum reference mirror. The reference mirror was then replaced by the silicon sample and the reflected THz wave was measured by the same manner. Next, we measured the THz wave form by placing a nondoped silicon wafer directly in front of the sample. The nondoped wafer was attached carefully to avoid making a gap between the wafers. The resistivity and thickness of the nondoped silicon wafer are 285Ϯ15 ⍀ cm and 700 m, respectively. The power reflectance of this composite sample was obtained from the experimental wave form, which includes an interference pattern due to the multiple reflection in the nondoped silicon wafer. This power reflectance is not affected by the slight misalignment of the reference mirror. The index of refraction of the nondoped silicon was measured in advance by the THz-TDTS and determined to be 3.415 in the whole frequency range adopted in this letter. We calculated the complex refractive index of the sample from the reflection measurements of the doped silicon wafer and aluminum mirror. To correct the slight misalignment of the relative position between the sample and mirror, the relative position was taken as a parameter in the calculation. We calculated the power reflectance of the composite system of nondoped and doped silicon wafers by using this complex refractive index and compared it with the reflectance obtained experimentally. By changing the relative position of the sample and mirror step by step in calculation, we obtained the power reflectance for various values of ⌬x and compared it with that obtained experimentally. At each ⌬x, we calculated the quantity defined by Error(⌬x) ϭ ͚ ͉R cal (⌬x,)ϪR m. This corresponds to an accuracy of Ϯ 10 mrad at 1 THz.
Here, it should be emphasized that the relative phase is adjusted only by using the experimental result, not taking into account the Drude model. Thrane et al. measured the complex reflectance of water in the sample cell made of silicon by the THz-TDRS. 6 They obtained both reflectance and relative phase accurately by separating the pulses reflected by air-silicon and silicon-water interfaces in time domain. Our method has an advantage compared to their method. In the truncation of the wave form in the time domain used in their method, the frequency resolution reduces whereas our method does not.
The experimentally obtained reflectance and relative phase of the silicon wafer are shown in Figs. 4͑a͒ and 4͑b͒ ͑open circles͒, respectively. It is noted that the relative phase due to the sample is determined by the aforementioned algorithm within an error of Ϯ 10 mrad at 1 THz. The reflectance is not sensitive to the sample position. The reflectance decreases monotonically from 1 to 0.25 with increasing frequency until 1 THz and becomes almost constant above 1 THz. The relative phase increases with increasing frequency and saturates to 0.4 rad at 0.7 THz. Above 0.7 THz, it decreases monotonically with increasing frequency. From the experimentally obtained reflectance and relative phase, the complex refractive index of the silicon wafer is deduced as shown in Fig. 4͑c͒ . The dispersion of both real and imaginary parts of the refractive index is observed in the entire frequency region as expected for the sample containing free carriers. The index of refraction n ͑open circles͒ decreases rapidly with increasing frequency, attains a minimum at 0.8 THz and increases slightly with further increase in frequency. The extinction coefficient ͑closed circles͒ decreases monotonically with increasing frequency. The complex conductivity ϭ 1 Ϫi 2 is obtained from the relation ñ 2 ϭ⑀ ϭ⑀ Si Ϫi /⑀ 0 . ͑4͒ Figure 4͑d͒ shows the frequency dependence of the complex conductivity obtained using Eq. ͑4͒. The value of 1 ͑open circles͒ decreases monotonically with increasing frequency and that of 2 ͑closed circles͒ increases from zero until ϳ0.8 THz with increasing frequency and decreases slightly with further increase in frequency. Around 0.8 THz, the crossover of the real and imaginary part curves is seen. The solid lines in Fig. 3 show the fitting curves to 1 and 2 using the simple Drude model expressed by Eq. ͑3͒. Our fitting procedure effectively optimizes the fitting parameters N c and .
The two parameters are determined by fitting the complex conductivity data between 0.1 and 1. Ϫ1 , is estimated to be 0.14 ⍀ cm, which is close to the resistivity 0.136 ⍀ cm obtained by the four-point contact measurement indicated by the asterisk in Fig. 4͑d͒ . These results are consistent with that reported by Jeon and Grischkowsky for the sample 0.22 ⍀ cm n-type silicon wafer, the resistivity of which is slightly higher than that of our sample. 3 In summary, the THz-TDRS system is used to measure the complex conductivity of relatively high-doped silicon wafers. We obtained the relative phase caused by the reflection accurately by measuring the reflectivity of the composite sample made of the nondoped and doped silicon wafers in addition to the reflection measurement of the sample and reference mirror. The experimentally obtained complex conductivity of silicon agrees with the simple Drude model. 
